The size of the movement and the molecular identity of the moving parts of the voltage sensor of a voltagegated ion channel are debated. In the helical-screw model, the positively charged fourth transmembrane segment S4 slides and rotates along negative counter charges in S2 and S3, while in the paddle model, S4 carries the extracellular part of S3 (S3b) as a cargo. Here, we show that S4 slides 16-26 Å along S3b. We introduced pairs of cysteines in S4 and S3b of the Shaker K channel to make disulfide bonds. Residue 325 in S3b makes close and state-dependent contacts with a long stretch of residues in S4. A disulfide bond between 325 and 360 was formed in the closed state, while a bond between 325 and 366 was formed in the open state. These data are not compatible with the voltage-sensor paddle model, but support the helical-screw model.
INTRODUCTION
Changes in membrane voltage open and close voltage-gated ion channels by moving a voltage sensor in the transmembrane channel protein (Hille, 2001) . The voltage-sensing mechanism has interested physiologists and biophysicists through decades (Armstrong, 1981; Bezanilla, 2000; Hodgkin and Huxley, 1952; Keynes, 1994; Patlak, 1991; Sigworth, 1994) . More recently, the molecular identity of the voltage sensor has been revealed, and it has been shown to be a specific target for some spider toxins (Swartz, 2007) . The voltage sensor has also been proposed to be a target for medical drugs preventing hyperexcitability as in epilepsy and cardiac arrhythmia Xu et al., 2008) . Despite much effort to solve the molecular details of the voltage-sensor movement, there are still several fundamental aspects that are not generally agreed on.
In voltage-gated ion channels, four voltage-sensing domains, each with four transmembrane segments, S1-S4, are attached to the periphery of the ion-conducting pore domain. Despite an increasing understanding of kinetic, structural, and functional data, there is still a clear disagreement between two competing models for the voltage-sensor movement (Ahern and Horn, 2004; Chanda and Bezanilla, 2008; Cohen et al., 2003; Elinder et al., 2007; Tombola et al., 2006) . The functionally based helical-screw model suggests that positive charges in S4 make electrostatic contacts with negative charges in S2 and S3 and that S4 rotates and slides along the rest of the channel protein (Catterall, 1986; Grabe et al., 2007; Guy and Seetharamulu, 1986; Keynes and Elinder, 1999; Lecar et al., 2003; Tombola et al., 2007) . In contrast, the structurally based voltage-sensor paddle model suggests that S4 and the extracellular part of S3 (S3b) moves together as a rigid body at the interface between the lipid bilayer and the core of the channel protein (Jiang et al., 2003a (Jiang et al., , 2003b Long et al., 2005a Long et al., , 2005b Long et al., , 2007 .
Here, we tested these two mutually exclusive hypotheses ( Figure 1A ) by introducing cysteines in S3b and S4 to find pairs that can form disulfide bonds in either the open or the closed states. While the helical-screw model suggests that completely different pairs are formed in the different states (white-blue in the closed state and white-red in the open state as shown in Figure 1A ), the paddle model suggests the formation of distinct and static pairs (white-blue in both the closed and the open state as shown in Figure 1A ). The pairs of cysteines were introduced in the Shaker K channel with removed fast inactivation (ShIR). The mutated channels were expressed in Xenopus oocytes, and the currents were measured with a two-electrode voltage clamp.
RESULTS

Electrostatic Localization of S4 in Relation to S3b
First, we searched for a pair of cysteines that could form a disulfide bond in the open state. There are currently different structural models based on X-ray crystallography giving different predictions for which residues could form disulfide bonds. Two structures of voltage-gated ion channels are known in atomic detail-the isolated S1-S4 voltage-sensor domain of the bacterial KvAP channel (Jiang et al., 2003a ) and a chimeric construct between the rat Kv1.2 channel and the rat Kv2.1 channel (Kv1.2/ 2.1) (Long et al., 2007) . Aligned sequences for S3b and S4 are shown in Figure 1B . However, the two structures, both assumed to be in the open state, deviate considerably from each other ( Figure 1C ). S4 is shifted $9 Å toward the extracellular side along S3b in KvAP. Thus, the available structures cannot directly guide us in designing disulfide pairs in the Shaker K channel.
Therefore, to localize the three outermost charged residues (R362, R365, R368) of S4 in the open state, we measured the electrostatic effect of introduced charges in S3b. If a charged amino acid residue is inserted on the channel's extracellular surface close to the voltage sensor, the residue will exert an electrostatic effect on the voltage sensor, causing shifts in the voltage dependence of activation. We introduced cysteines in different positions in S3b and measured the effects of changing the charge of the residue by covalently attaching positively or negatively charged methylthiosulfonate reagents (MTSET + and MTSES À ). Electrostatic and nonelectrostatic components can be easily extracted from the shifts of the voltage dependence of activation based of the different effects of positively and negatively charged MTS reagents (see Experimental Procedures and Figure S1 available online). This technique was used previously to locate the extracellular end of S4 in relation to the ionconducting pore (Elinder et al., 2001a) . Subsequent studies have shown that this method accurately determined the location of S4 in voltage-gated channels (Broomand et al., 2003; Gandhi et al., 2003; Laine et al., 2003; Long et al., 2005a Long et al., , 2005b Neale et al., 2003) .
We introduced a cysteine, one at a time, at position 323 to 333 in S3b (basically, every S3b residue in Shaker, except the first proline, Figure 1B (Jiang et al., 2003a; Long et al., 2007) . Positively charged residues in red. 1-4 denote the four positive charges (R1-R4) in the Shaker K channel responsible for the channel's voltage sensitivity (Aggarwal and MacKinnon, 1996; Seoh et al., 1996) . (C) Paddle structures for KvAP (Jiang et al., 2003a) and Kv1.2/2.1 (Long et al., 2007) . Note the different locations of R1-R4 relative the proline (underlined in [B] ) in the two structures.
or MTSES À ). The steric component was largest for residues 323, 325, and 326, suggesting that this end of S3b is closest to S4 (Figure 2A) . Modification of the deepest residue, 323C, had a profound effect on the activation kinetics (Figure 2B) . This is also compatible with the suggestion that the N terminus of S3b is close to S4. The difference between MTSET + and MTSES À partly depends on the difference in electrical charge. The electrostatic component was largest for 325C and 326C (black bars in Figure 2C ). Based on the electrostatic effects, we calculated the most likely position of the three outermost positive S4 charges (R362, R365, R368) relative to S3b in the open state. These three positive charges emerge on the extracellular side upon channel activation and, under the assumption of a helical screw motion of S4, it is mainly the position of these charges relative to the introduced charges in S3b that determines the electrostatic component of the effects (Elinder et al., 2001a) . In Figure 2D , S3b is shown as a helix and the ''*'' denotes the best fit to our data for the mean position of the three outermost charges in S4 relative to S3b. See Experimental Procedures and Supplemental Data for details of the calculation in Figure 2 . The root-mean-square deviation between experimental data and predicted values for the proposed position (white bars in Figure 2C ) was 2.0 mV. The dashed line in Figure 2D encircles an area where the root-mean-square deviation is <3.0 mV. This estimated position of the outer charges of S4 is not consistent with the X-ray structure of KvAP ( Figure 1C , n.b. different orientation to Figure 2D ) but is compatible with the Kv1.2/2.1 structure ( Figure 2E ).
Residue 325 in S3b Makes a State-Dependent Contact with Residue 366 in S4
The suggested proximity between residue 325 in S3b and the outer end of S4 led us to test whether we could make a disulfide bond between residue 325 and 366, located between the second (R365) and third (R368) positive charge in S4. The 325C/366C double mutant activated at slightly more negative voltages than the wild-type channel, but the channel was fully closed at À80 mV and fully open at 0 mV (see Figure S2 ). Disulfide-promoting 2 mM CuSO 4 + 100 mM phenanthroline (Cu/phenanthroline) clearly reduced the current by 70% ± 5% (n = 6), and the disulfide-breaking DTT restored the current to its original size (Figure 3A) . The current reduction and restoration was fast ( Figure 3B ). The reason why the channel still gates after Cu/ phenanthroline is not clear, but one possibility is that most of the channels (80%) are C-type inactivated and that the remaining population of channels (20%) can still move between the last closed state and the open state despite the movement restrictions imposed by the disulfide bond. The kinetics (both opening and closing) becomes slightly slower (by a factor <2). However, because the mechanism for the current reduction is not known, we cannot make any predictions about changes in kinetics. Control experiments with the single mutations 325C and 366C were not affected by either Cu/phenanthroline or DTT. From previous studies, we know that neighboring residues to 366 (365 and 368) are located deep inside the membrane, and even facing the intracellular solution at negative voltages (Baker et al., 1998; Larsson et al., 1996) . From the present study, we know that 325C is clearly exposed to the extracellular space in both the open and closed state (Experimental Procedures). This suggests that the 325C/366C disulfide bond could not have been formed in the closed state. To test this prediction, we performed experiments where Cu/phenanthroline was applied only at À80 mV (closed state). As predicted, no current reduction was found ( Figure 3C ; <5% reduction, n = 3). In contrast, in experiments where Cu/phenanthroline was applied at 0 mV (open state), the current reduction was fast ( Figure 3C ; n = 3). The time constant for current reduction was 36 ± 4 s (n = 3), calculated from the time the channel was exposed to Cu/phenanthroline at 0 mV. Cu/phenanthroline was applied from 5 s to 15 s after onset of the voltage step. During this application period, most of the channels are C-type inactivated. Conformational changes occur in or around S4 during inactivation (Loots and Isacoff, 1998) . Therefore, it is possible that 325C and 366C are close to each other in the inactivated state but not in the open state. To test this, we continuously applied Cu/ phenanthroline and briefly (400 ms) activated the channel to 0 mV. During this pulse regime, the channel is found in closed and open states but not in an inactivated state. The time constant for current reduction in the open state (41 ± 5 s, n = 3) is close to that for the inactivated state (36 ± 4 s, n = 3), suggesting that 366C is not changing its position relative 325C during slow inactivation.
Residue 325 in S3b Makes Contacts with a Long Stretch of Residues in S4
Thus, a disulfide bond can be formed between 325C and 366C in the depolarized open state, but not in the hyperpolarized closed state. The helical-screw model suggests that every third residue should pass close to residue 325 as the S4 helix rotates (60 per step) and translates (4.5 Å per step) on its path through the membrane. Therefore, we combined 325C with 360C, 363C, and 369C, one at a time. The currents from the single mutations where not affected by Cu/phenanthroline, but the currents from all double mutations were clearly and quickly modified by Cu/phenanthroline and fully restored by DTT (n = 6 per combination). The bond formation for 325C/360C is shown in Figure 4A . This long stretch of residues on S4 forming close contact with a specific residue in S3b supports a translational movement of S4 relative to S3b of up to 13 Å .
Two other predictions of the helical-screw model are that (1) a residue located in the extracellular direction from 366 in S4 should show a reversed state dependence of disulfide bond formation to 325C compared to 325C/366C (i.e., a disulfide bond should be formed in the closed state but not in the open state) and that (2) a residue on the other side of S4 should fail to make disulfide bonds with 325C. (1) Figure 4B clearly shows that 325C/360C has a reversed state dependence of disulfide bond formation to 325C/366C. The modification time constant is 30 ± 3 s at À80 mV (n = 4), while it is 320 ± 30 s at 0 mV (n = 3). The double mutation 325C/363C was also found to quickly make disulfide bonds in the closed state. The reversed state dependence of disulfide bond formation between 325C/360C and 325C/366C is quantitatively analyzed in Figure 4C . The scaled G(V) curve for 325C/360C and the scaled 1 À G(V) curve for 325C/366C (see Figure S2 ) fits very well to experimental data. Maximum disulfide bond formation rate is set to 0.05 s
À1
. Figure 4D shows a cartoon of suggested conformational Figure S2) . The maximum rate for bond formation is set to 0.05 s À1 .
(D) Suggested conformational changes in S4 during gating.
changes in S4. (2) In contrast to all of these successful attempts to make disulfide bonds, all attempts to make a disulfide bond between 325C and 364C, a residue on the back side of S4, failed.
No Disulfide Bonds Are Formed within the KvAP-Based Paddle As shown above, with most tested double-cysteine mutations (except 325C/364C) we succeeded in making disulfide bonds. One might ask whether this high success rate to make disulfide bonds is a consequence of a highly flexible S3b-S4 structure.
To test this and to test whether it was possible to make disulfide bonds within the proposed voltage-sensor paddle of the bacterial KvAP K channel, we explored a number of combinations with one cysteine in S3b and one in S4 ( Figure 5A ). Data for 330C/367C are shown in detail to explain the strategy used. Cu/phenanthroline is perfused for 10 min while changing the membrane potential extensively to cover all possible channel conformations (see pulse protocol in Figure 5B ). However, Cu/phenanthroline had no effect on the channel ( Figure 5C ). One experimental problem with the paddle model is that a disulfide-bond formation may be silent (S3b and S4 are not expected to move in relation to each other). Thus, after application of Cu/phenanthroline, we tested whether there were any free cysteines by applying MTSET + . If free cysteines are present, MTSET + will react with the cysteines and thereby affect the voltage dependence as shown in the section about electrostatic localization of S4. 100 mM MTSET + reduced the current at À45 mV ( Figure 5D ) by shifting the G(V) curve by 5.0 ± 0.5 mV (n = 6) ( Figure 5E ). A similar shift was also seen for the single mutation 330C (6.6 ± 0.1 mV; n = 4), while 367C was not affected (n = 5). This suggests that no disulfide bond was formed between 330C and 367C at any voltage. In none of the other combinations in Figure 5A (330C/364C, 333C/364C, 329C/367C, and 333C/367C) did we see any sign of disulfide bonds. All together, this suggests that only certain combinations of double-cysteine mutations allow disulfide bonds, and these combinations suggest a well-constrained helical-screw motion.
DISCUSSION
The key finding of this work is that residue 325 in S3b, when mutated to a cysteine, can make disulfide bonds to a long stretch of introduced cysteines in S4 at positions 360, 363, 366, and 369, but not to position 364, on its back side. This finding is in direct contradiction to the proposed paddle model for movement of the voltage sensor in voltage-gated ion channels. Residues 360 and 369 point in opposite directions (180 difference) in an a-helical structure and are separated with 13.5 Å along the length axis of the helix. The shortest distance between the outer ends of residues 360 and 369 is 26 Å . This is calculated as O(r 2 p 2 + l 2 ), where r is the radius (set to 7 Å ), and l is the length (=13.5 Å ) of the cylinder. Assuming that the helix is of 3 10 -type between 366 and 369 (as found for the Kv1.2/2.1 chimera [Long et al., 2007] ) and in addition allowing some degree of flexibility of the side chains (±2 Å ), the shortest possible distance between 360 and 369 becomes 16 Å . If 360 and 369 are separated by such a distance, it would be surprising if both of them could make disulfide bonds with 325 equally well under the same conditions. In accordance with this, we found that there is a clear state dependence in disulfide-bond formations. 366C forms disulfide bonds with 325C in the open state, while 360C and 363C form a disulfide bond in the closed state. These data clearly show that the voltage sensor S4 slides a long distance along S3b when the channel transforms from a resting state to an activated state. Thus, our data support both a large-scale movement (16-26 Å ) (Ruta et al., 2005) and a clear twist of S4 (120 -180 ) (Cha et al., 1999; Glauner et al., 1999) . This is not consistent with the paddle model (Jiang et al., 2003a (Jiang et al., , 2003b Long et al., 2005a Long et al., , 2005b Long et al., 2007) but supports a helical-screw model (Catterall, 1986; Grabe et al., 2007; Guy and Seetharamulu, 1986; Keynes and Elinder, 1999; Lecar et al., 2003; Pathak et al., 2007; Tombola et al., 2007) . Figure 6A summarizes the findings, where the double lines denote verified interactions, and the dotted line denotes a probable interaction.
In addition, our data for the Shaker K channel do not fit with the Kv1.2/2.1 structure in the open state ( Figure 6B ). The closest residue to 325 (green) is 364 (magenta), which does not form a disulfide bond in any state, while 366 (yellow), which forms a bond in the open state, is relatively distant from 325 in the Kv1.2/2.1 structure (which is in an open state). This discrepancy does not depend on disulfide-bond formation between two different subunits or channels because (1) the single mutations are not affected by Cu/phenanthroline, (2) a disulfide bond formation between the same cysteine in two different subunits occurs $1000 times slower (Aziz et al., 2002) than the disulfide bonds in the present investigation, (3) the crystal distance between two voltage-sensor domains is exceedingly large ($6 nm), (4) coexpressed channels of two different single mutants were not affected by Cu/phenanthroline, and (5) the disulfide-bond formation was not dependent on the expression level (a factor of 100 was tested). Therefore, to make the structure better fit to our data, we suggest the following.
(1) S3b is rotated $60 counterclockwise (when viewed from the extracellular side). (2) In the open state (0 mV), S4 is moved upward $7 Å and rotated $120 counterclockwise. (3) In the resting channel (À80 mV), S4 is moved downward $5 Å and rotated $60 clockwise. A number of experimental data have been claimed to support the paddle model or a small-movement transporter model. However, many of these results can easily be explained with a helicalscrew model. For instance, the spider toxin hanatoxin binds to residues in S3b from a position in the lipid bilayer and stays there much longer than a normal gating cycle (Phillips et al., 2005) . These data are difficult to reconcile with the large-scale movement of the paddle model and have been used as an argument for only small movements of the voltage-sensor paddle. However, a much more obvious explanation is that the S3b and S4 are not fixed to each other, permitting S4 to move and cover the large distances suggested by streptavidin-biotin binding (Ruta et al., 2005) and allowing S3b to stay bound with its hanatoxin in the lipid bilayer. The bound hanatoxin could still impose large effects on voltage-sensor movement (Swartz and MacKinnon, 1997) . That the voltage drop from the intracellular space to the extracellular space is suggested to occur over a very short distance ( (B) Side views of molecular models of S3b (residues 322-332 in Shaker) and S4 (359-373 in Shaker). The Kv1.2/2.1 structure is from X-ray crystallographic data (Long et al., 2007) . Numbering is for the Shaker K channel. The yellow residues can make disulfide bonds with 325C (green). Residue 364C (magenta) cannot make a disulfide bond with 325C (green). The À80 mV structure is a proposed reorientation to fit experimental data in a closed resting configuration. The 0 mV structure is a proposed reorientation to fit experimental data in the open configuration. Tombola et al., 2005) has also been used as an argument for a small voltage-sensor movement (Ahern and Horn, 2005) . However, the helical-screw model with a large S4 movement does not contradict water-filled crevices and short distance for the voltage drop (Keynes and Elinder, 1999; Pathak et al., 2007) . To conclude, we have presented distinct interactions between the voltage sensor and its surrounding in both open and closed conformations of one specific ion channel. The findings are not consistent with the paddle model but suggest a 16-26 Å sliding of S4 relative S3b during gating and lend support to the helicalscrew model (Catterall, 1986; Grabe et al., 2007; Guy and Seetharamulu, 1986; Keynes and Elinder, 1999; Lecar et al., 2003; Tombola et al., 2007) . These new structural constraints will be instrumental in the construction of detailed models of voltagegated ion channels in the closed and open configurations.
EXPERIMENTAL PROCEDURES Molecular Biology and Electrophysiology
The experiments were performed with the Shaker H4 (D6-46) channel. Sitedirected mutagenesis, cRNA synthesis, injection into Xenopus laevis oocytes, and the two-electrode voltage-clamp experiments were performed as previously described (Larsson and Elinder, 2000) . The control solution contained (in mM) 88 NaCl, 1 KCl, 15 HEPES, 0.4 CaCl 2 , and 0.8 MgCl 2 (pH 7.5). All experiments were performed at room temperature (20 C-23 C), the holding potential was generally set to À80 mV, and the currents were low-pass filtered at 5 kHz. The K conductance (G) was calculated as
where V is the absolute membrane voltage, I is the steady-state K current, and V K is the reversal potential for the K ion (À80 mV). Data are expressed as mean ± SEM.
Modifications of Cysteines
Two micromolar CuSO 4 together with 100 mM phenanthroline were used to make disulfide bonds, and 20 mM dithiotreitol (DTT) was used to break the bonds. Two micromolar CuSO 4 alone did not promote disulfide bonds (see Figure S3 ). The cells were incubated in 0.5 mM DTT to prevent creation of disulfide bonds during maturation of the channel. (Elinder et al., 2001a) . Thus, the effects of the reagents were of pure electrostatic origin. However, at more vulnerable positions, other, nonelectrostatic effects were introduced. This is illustrated in Figure S1 . 
Electrostatic Determination of S4 Location
The size of electrostatic component DV electric depends on the distance from the voltage sensor. Based on this idea and on experimental data, we predicted, in a previous investigation, that the extracellular end of the voltage sensor S4 is close to the extracellular end of S5 (Elinder et al., 2001a) . Despite the very simplistic assumptions in these calculations, such as a smooth protein surface and a point-charge voltage sensor, this strategy has proven to be surprisingly accurate. The prediction, which deviated from several other models, was later confirmed by studies using disulfide bonds (Broomand et al., 2003; Gandhi et al., 2003; Laine et al., 2003; Neale et al., 2003) and by the X-ray crystallographic data of Kv1.2 (Long et al., 2005a (Long et al., , 2005b . Thus, based on the electrostatic effects in the present investigation, it would be possible to calculate the distance between the cysteine-mutated and covalently modified residues in S3b and the three outermost positive charges of the voltage sensor S4 in the open state. The potential c r at a distance r from an elementary charge e located at the border between a low-dielectric (membrane) and high-dielectric (water) medium is (Elinder and Å rhem, 1999; McLaughlin, 1989) j r = 2e expð À krÞ=ð4p3 0 3 r rÞ;
where k is the inverse of the Debye length in the aqueous phase (9.8 Å in the present solution [Elinder et al., 2001b] ), 3 0 is the permittivity of free space (8.85 10 À12 Fm À1 ), and 3 r is the dielectric constant of the medium (80 in water).
The distance between a position in the 3D space (x, y, z) 
If we combine Equations 1 and 2, we can calculate the predicted potential change Dc pred (x, y, z) caused by a charge in S3b. Assuming a helical-screw motion of S4, we can estimate the location of the extracellular end of S4 with no deeper knowledge of the interior of the protein (Elinder et al., 2001a) .
To determine the position of the extracellular end of S4, we compared the experimentally obtained change in surface potential (Dc) with the predicted value from Equation 2 by r:m:s:DDjðx; y; zÞ = ðð X 11 n = 1 À Dj n; pred ðx; y; zÞ À Dj n Á 2 Þ=11Þ 0:5
where n indicates the identity of the mutation (a total of 11 in the present study). The r.m.s. values were determined for a large volume at every 0.1 3 0.1 3 0.1 Å 3 .
The extracellular end of S4 is most likely to be found at the position where the r.m.s. DDj has its smallest value.
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